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A Switch Between Two-, Three-, and Four-Stranded Coiled Coils in GCN4 Leucine Zipper Mutants
Pehr B. Harbury, Tao Zhang,* Peter S. Kim, Tom Alber* Coiled-coil sequences in proteins consist of heptad repeats containing two characteristic hydrophobic positions. The role of these buried hydrophobic residues in determining the structuresof coiled coils was investigatedby studying mutantsof the GCN4 leucinezipper. When sets of buried residues were altered, two-, three-, and four-helix structures were formed. The x-ray crystal structure of the tetramer revealed a parallel,four-stranded coiled coil. In the tetramer conformation, the local packing geometry of the two hydrophobic positions in the heptad repeat is reversed relative to that in the dimer. These studies demonstrate that conserved, buried residues in the GCN4 leucine zipper direct dimer formation. In contrast to proposals that the pattern of hydrophobic and polar amino acids in a protein sequence is sufficientto determinethree-dimensional structure, the shapes of buried side chains in coiled coils are essential determinants of the global fold.
Recent evidence has suggested that the three-dimensional structure of a protein is determined largely by the pattern of hydrophobic (H) and polar (P) residues in the amino acid sequence and is independent of the geometric properties of the amino acid side chains that make up the pattern (1) (2) (3) . This simplifying hypothesis, however, fails to account for a group of proteins composed of interacting, amphipathic a helices, the coiled-coil family. Coiled-coil proteins have a characteristic seven-residue repeat, (a.b.c.d.e.f.g),, with hydrophobic residues at positions a and d and polar residues generally elsewhere. Despite this shared HP pattern, coiled-coil sequences adopt dimeric (4, 5 ) , trimeric (6-8) , and anti-parallel tetrameric (9) conformations. In addition, parallel, dimeric coiled coils exhibit strong preferences for specific amino acids at the hydrophobic a and d positions of the heptad repeat. A striking example is provided by the leucine zipper motif, which functions to dimerize bZIP transcription factors. Unlike other coiled coils, leucine zippers contain leucine at -80 percent of all d positions (5, 10) . Multiple substitution of these leucines with similarly-sized hydrophobic residues often interferes with dimerization function (11) . The structural variety of the coiled-coil family and the functional requirements of leucine zipper sequences suggest that geometric properties of buried, apolar amino acids may influence the overall structure of coiled coils. To investigate this possibility we altered the hydrophobic core of a leucine zipper molecule in a concerted fashion and characterized the structures of the derivatives.
Hydrophobic core mutants form two-, three-, and four-stranded structures. We systematically mutagenized the hydrophobic core of the dimeric leucine zipper peptide GCN4-pl (12) . With rare exceptions, hydrophobic residues occupy the a and d positions of the GCN4-p1 sequence, and polar residues appear at b, c, e, f, and g, generating the characteristic (H.P.P.H.P.P.P), pattern. Because supercoiled a helices haxe approximately 3.5 residues per turn, the spacing of the a and d positions three and four residues apart places .the H residues on one side of the helix. In the G c N 4 -~1 dimer, the hydrophobic faces of two helides pack against each other in a parallel orientation (12, 13) . Thus, the five amino acids at position a and the four leucines at position d from each monomer of GCN4-p1 form the apolar interface of the dimer (Fig. 1) .
We simultaneously changed four a residues (Va19,Asn '6, Va123, Va130) and four d residues (Le~~,Leu'~,Leu'~,Leu~~) of GCN4-pl to leucine, valine, or isoleucine (Met2 at the first a position was not changed, Fig. 1 ) (14) . These peptides were named bv a two-letter code, the first letter Lake ~itjl, UT 841i2. P. S. Kim is in the ~o w a r d indicating the residueat the'four a positions On the basis of circular dichroism measurements, each peptide was >90 percent helical at 4"C, neutral pH, and a concentration of 150 p,M (15), and each exhibited a cooperative thermal unfolding transition ( Table 1 ). The midpoint of the thermal transition (T,) for each variant exceeded that of the parental GCN4-pl peptide.
Equilibrium analytical ultracentrifugation (16) indicated that the peptides fall into three molecular weight classes: the peptides p-IL, p-11, and p-LI sedimented as dimeric, trimeric, and tetrameric species, respectively ( Table 1 ). The oligomerization states of these peptides (p-IL, p-11, and p-LI) were independent of peptide concentration from 20 to 200 p,M. A derivative of each peptide that contained the added sequence Cys-Gly-Gly at the NH2-terminus also was synthesized (12) . The cysteine residue permits disulfide bond formation, and the two glycine residues provide a flexible linker. Pairing peptide monomers with a covalent disulfide bond did not change the oligomerization state of p-IL and p-LI. In contrast, disulfide-bonded p-I1 sedimented with the molecular mass of a hexamer, consistent with the assignment of p-I1 as a trimer in the absence of a disulfide linkage.
The peptides p-VI, p-VL, p-LV, and p-LL populated multiple oligomerization states ( Table 1 ). The sizes of the complexes formed by these variants were determined by gel filtration using the peptides p-IL, p-11, p-LI, and GCN4-pl as size standards (17). The peptides p-VI and p-VL exhibited concentration-dependent retention times between 5 and 50 p,M, and deriva- tives of p-VI, p-LV, and p-LL that contained an NH2-terminal Cys-Gly-Gly disulfide linkage eluted as multiple species. Helix orientation. The observation that the p-IL peptide remains dimeric with an NH2-terminal disulfide linkage (Table 1) indicates that the helices are parallel. Consequently, the conformation of p-IL likely resembles the structure of GCN4-pl. The helices of the trimeric peptide p-I1 also are parallel because a two-dimensional double quantum-filteredcorrelation spectrum (DQF COSY) of the peptide showed only one magnetic environmentfor each residue (18), and the p-I1 peptide crystallized on a threefold rotation axis (19). Thus, p-I1 assumes Unlike two-and three-stranded coiled coils, all well-characterized examples of four interacting a helices exist in an antiparallel four-helix bundle conformation ( Fig. 2A) (20) . To determine the helix orientation of the p-LI tetramer, variants of the p-LI peptide with the sequence CysGly-Gly at the NH2-terminus (denoted p-LI-N) or with the sequence Gly-Gly-Cys at the COOH-terminus (denoted p-LI-C) were synthesized. The disulfide-bonded p-LI-N-p-LI-C heterodimer was purified and placed in redox buffer to allow the peptide monomers and the disulfide bonds to exchange (Fig. 2B ) (21). Only homodimers were observed at equilibrium. Assuming that the glycyl linkers allow the terminal cysteines to assort randomly, the results indicate that the p-LI peptide assembles into a conformation containing four parallel a helices (22). To investigate the basis for the switch between parallel tetramer, dimer, and trimer conformations, the x-ray crystal structure of the p-LI peptide was determined at 2.1 A resolution (Table   2 ) (23).
the same oligomeric structure as the trimeric stalk of influenza hemagglutinin (8).
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All parallel helices Flg. 2. The p-LI peptide forms a parallel tetramer in solution. (A) Given random pairing of terminal cysteine residues, the anti-parallel four-helix bundle conformation should produce a mixture of N-ss-C, N-ss-N, and C-ss-C disulfide bonds. The parallel conformation should produce only N-ss-N and C-ss-C disulfide bonds. (6)The disulfide-bonded p-LI-N-p-LI-C heterodimer (N-ss-C) rearranges to form homodimers (N-ss-N and C-ss-C).The disulfidebonded heterodimerof p-LI-N (a variant of p-LI with the sequence CGG added to the NH,-terminus) and p-LI-C (a variant of p-LI with the sequence GGC added to the COOH-teriminus) was purified and incubated in redox buffer to allow the exchange of disulfide bonds (21) .At the indicated times a portion of the sample was removed, quenchedwith acid,and analyzed by HPLC. The p-LI-C peptide has a larger extinction coefficientthan the pLI-N peptide because it contains an additional tyrosine residue. Structure of the tetramer. The p-LI tetramer consists of four ~arallel a helices wrapped in a left-handed superhelix (Fig.  3) . The helices create a cylinder that is -27 A wide and -48 A long. An approximate fourfold axis of symmetry coincides with the superhelical axis (24).
The leucine and isoleucine side chains at the a and d ~ositions~o i n t into the center of the tetramer. Cross-sectional layers containing leucine at the a ~ositions -alternate with layers containing isoleucine at the d positions (Fig. 3C) . The dihedral angles X, and xz of all leucines at a and all isoleucines at d are approximately (-60,180) , corresponding to the most populated rotamer for both amino acids (25). The side chains of MetZ form the most NHz-terminal a layer.
A cavity in the middle of each leucine and isoleucine layer forms a continuous central channel. The radius of the channel varies from 1.0 to 1.3 A and therefore excludes a 1.4 A radius water-molecule probe. No electron density was seen in the channel. The gross differences between the structures of the p-LI tetramer and the GCN4-pl dimer (1 3) may be summarized as follows: (i) Compared to the helices of the GCN4-pl dimer, diagonally related helices of the p-LI tetramer have the same relative orientation but are 5.5 A further apart (Fig.   3B ). (ii) Adjacent helices of the p-LI tetramer are separated by approximately the same distance as the GCN4-pl dimer helices, but each helix is rotated by -45" around its own axis toward the center of the tetramer (Fig. 3B) . Helical parameters are compared in Table 3 (26) .
Helix interactions. On the basis of distance criteria (27), residues on the surface of the tetramer appear to form interhelical ion pairs. Of 12 possible interhelical salt bridges between residues at the e position of one heptad and the g position of the preceding heptad [for example, G1uB6-ArgA', (27)], five are seen in the tetramer crystal structure. A similar frequency of interhelical e to g interactions was found in the crystal structure of GCN4p1, which contains three of six possible e to g salt bridges two-, three-, and four-helix structures. (2,4,6,-) *The residues inserted at four a and four d positions of GCN4-pl (41). tTmGdmCi denotes the melting temperaturein 3 M GdmCI.All scans and melts were performedat 10 p, M peptideconcentration.
$Thenumber of helices in the solution complex formed by unmodified peptides and by disulf~debonded peptides.The first four peptideswere assigned on the basis of equilibrium analytical ultracentrifugationdata and the last four on the basis of gel filtration data. Parentheses indicatethat multiple species were present; a dash indicates the presence 07 a species that could not be assigned.
§p-VI exhibits a -[ 0] , , , value of 31,500 deg cmWmol-' at 150 JLM concentration. Similarly, the b and c residues of the tetramer are almost as buried as the e and rrresidues of the dimer. The tetramer interface shows knobs-into-holes packing between helices (Fig. 4) . As proposed by Crick (29), knobs formed by the side chains of one helix fit into holes formed by the spaces between side chains on the neighboring helix. Looking from the NHz-terminus down the superhelix axis, each leucine knob at an a position packs into a hole formed by the g and,a residues of the counterclockwise-related monomer (Fig. 4D) and by two d residues in adjacent layers along the superhelix axis. Similarly, each isoleucine knob at a d position packs into a hole formed by the d and e residues of the clockwise-related monomer (Fie. 4E) -, and by two a residues in adjacent layers.
The a and d layers of the tetramer exhibit two different types of knobs-intoholes packing that can be distinguished by the relative orientation of the knob to the ---hole. At the a level of the tetramer, the Ca-CP bond of each leucine knob makes a -90" angle with the Ca-Ca vector at the bottom of the hole into which it packs (Fig.  4, A and B) . We define this arrangement as ~erpendicular(I) knobs-into-holes ~a c king. In contrast, at d levels the Ca-CP bond of each isoleucine knob is oriented parallel to the Ca-Ca vector at the bottom of the recipient hole (Fig. 4 , A and C). We define this geometry as parallel ( 11) knobsinto-holes packing. Packing in two-, three-, and fourstranded coiled coils. Comparison of the side chain packing in the GCN4-pl dimer and the p-LI tetramer shows that the local geometries of the a and d layers are reversed in the two structures; the dimer d level resembles the tetramer a level, and the dimer a level resembles the tetramer d level (Fig. 4, B and C) . Perpendicular knobsinto-holes packing occurs at the d levels of SCIENCE VOL. 262 26 NOVEMBER 1993 1403 the dimer and the a levels of the tetramer A 4C). A third class of knobs-into-holes i ipreferences in a dimeric coiled-coil model indicate that both types of packing exhibit the expected bias. Isoleucine is strongly favored (-0.4 kcal mol-') over leucine at the parallel geometry and leucine is more weakly favored (-0.1 kcal mol-') over isoleucine at the perpendicular geometry (31). If the a position of the tetramer is assumed to have the same residue specificity as the geometrically similar d position of the dimer (and similarly position d of the tetramer is assumed to have the same residue specificity as position a of the dimer), then it follows that the two-to four-stranded transition is driven primarily by preference for isoleucine at the levels with parallel packing. However, at least two arguments support the opposite conclusion, that discrimination against isoleucine at perpendicular positions dominates the conformational switch. First, dimeric, fibrous coiled-coil sequences show a strong bias against isoleucine residues at d (I) positions and show no preference for isoleucine or leucine at a ( 11) positions (32). Second, modeling studies indicate that isoleucine must a d o~t an infrequently observed rotamer (-, -) to occupy the perpendicular position of a dimeric coiled coil, while the most common rotamer of leucine may be accommodated at the parallel position (33). Poor packing of isoleucine at perpendicular positions also teraction appears at the a and d positions of parallel trimeric coiled coils (8). At both levels of the influenza hemagglutinin trimer, the Ca-CP bond of each knob makes a -60' angle with the Ca-Ca vector at the base of the corresponding hole. We define this arrangement as acute knobs-into-holes packing (Fig. 4A) .
Because the peptides p-IL, p-11, and p-LI differ only by volume-conserving hydrophobic substitutions at the buried a and d positions, packing interactions at a and d must mediate the switch between the dimer, trimer, and tetramer conformations. The geometric relationship between the dimer and tetramer structures suggests an explanation for the different oligomerization of the peptides p-IL and p-LI. The inversion of sequence at the a and d positions (Ile, Leu to Leu, Ile) coincides with 1 an inversion of the packing geometry at a and d (parallel-perpendicular to perpendicular-parallel) in the two-and four-stranded conformations. Evidently, parallel packing has a geometric preference for isoleucine, or perpendicular packing has a geometric preference for leucine, or both (30).
Recent measurements of amino acid would explain why the p-I1 peptide forms a trimer. The dimer and tetramer conformations would each lace four isoleucines of p-I1 in a perpendicular geometry, while the trimer conformation places all eight isoleucines in the acute geometry. Sequences of trimeric coiled coils show no strong bias for leucine or isoleucine at either the a or d
positions (6) . In addition to efficient packing, a buried hydrogen bond between Asn16 residues specifically favors the dimer conformation of GCNCpl, the parent molecule of the coiled coils described here (1 3, 34) . The GCN4-pl peptide forms a dimer, but substitution of Asn16 (at an a position) with valine causes the resulting peptide p-VL to populate both dimeric and trimeric conformations (Table 1) . Despite this heterogeneity, p-VL exhibits a significantly higher apparent T, than GCN4-pl. Thus, Asn16 imposes specificity for the dimer structure at the expense of stability (35).
Residues at the b, c, e, and g positions are more buried in the tetramer structure than in the dimer. Thus, the amino acid sequence at these positions can also influence oligomerization state (3 1).
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VOL. 262 Position a orientation angle, I$ Protein structure. Recent studies have suggested that the tertiary folds of globular proteins are insensitive to the details of packing, and are determined instead by hydrophobic-polar (HP) and secondary structlre (2s) patterns in the amino acid sequence. Several globular proteins, for example, accommodate multiple hydrophobic substitutions at core positions without adopting new folds (1) . In addition, HP-2s sequence patterns, when compared with an HP-2S template derived from a known three-dimensional structure, are more sensitive indicators of structural homology than is direct sequence comparison (2) .
Finally, bipartite lattice models of proteins, consisting of H-type and P-type residues, fold to single, compact conformations under potentials that maximize HH contacts (3) . Within the limitations of the comouter models, the drive to bury hydrophobic residues can specify unique tertiary structures.
The heptad HP-2s pattern is clearly not sufficient to guide a coiled-coil sequence to a single structure. Unlike globular proteins, however, coiled coils have a very simple HP pattern and contain unconnected units of secondary structure. Such properties allow coiled-coil monomers to assemble in multiple configurations. Thus, rearrangement of the hydrophobic core in response to mutations, which globular proteins appear to accomplish while conserving tertiary fold, can be manifested in coiled coils as dramatic changes in overall structure. Consistent with this argument, conservative core mutations often result in loss of function for coiled coils (I I ) but not for their globular counterparts (1) .
Recent attempts to design helical proteins based on HP-2S patterns have produced molecules that lack unique packing (36). For example, the four-helix bundle a4 exhibits a well-defined secondary structure and is very stable, but the leucine side chains in the core of the molecule have fluctuating conformations (37). Within the GCN4-pl variant family, HP-2S design criteria predict that the p-LL sequence should form an optimal coiled coil (38). For the dimer and tetramer conformations, however, p-IL and p-LI exhibit equal or higher thermal stabilities than p-LL (Table   1 ). In the case of the trimer conformation, p-11, though less stable than p-LL, exhibits higher specificity for the trimer fold. The results suggest that by ignoring specific packing interactions, HP-2s design methods fail to produce high conformational selectivitv and sometimes oredict seauences with less 'than optimal stability.
Practical implications. The mutants of GCN4-pl clarify the functions of conserved features of leucine zipper sequences. The leucine repeat at d positions and the preponderance of p-branched amino acids at a positions favor dimer formation due to packing considerations (Table I) , while conserved asparagines at a positions direct dimerization by forming buried hydrogen bonds.
Together with analvses of coiled-coil " sequences (4, 6) , our results also suggest that predictions of coiled-coil oligomerization can be based in part on the distribution of P-branched residues at the a and d
positions. The occurrence of P-branched residues at d positions disfavors dimers, while P-branched residues at a positions should disfavor tetramers. The presence of B-branched residues at both the a and d
positions facilitates trimer formation. The tetramer structure. which contains a large axial cavity, may serve as a soluble model for membrane ion channels. Related sequences that contain serine at the a and d positions have been shown to conduct small cations (39). Substitutingserine for leucine and isoleucine residues in the crystallographic coordinates of the p-LI tetramer generates a model with an enlarged interior channel lined by the hydroxyl groups of the serine side-chains.
Finally, the short, modular peptides p-11, p-LI, and p-IL may be used to design two-, three-, and fourfold oligomers of attached sequences. Addition of p-VL, alternatively, would produce a hybrid capable of interconvertine between dimer and trimer -states. Such inherent structural heterogeneity could form the basis for a regulatory switch (40).
